The comet assay is a technique used to quantify DNA damage and repair at a cellular level. In the assay, cells are embedded in agarose and the cellular content is stripped away leaving only the DNA trapped in an agarose cavity which can then be electrophoresed. The damaged DNA can enter the agarose and migrate while the undamaged DNA cannot and is retained. DNA damage is measured as the proportion of the migratory 'tail' DNA compared to the total DNA in the cell. The fundamental basis of these arbitrary values is obtained in the comet acquisition phase using fluorescence microscopy with a stoichiometric stain in tandem with image analysis software. Current methods deployed in such an acquisition are expected to be both objectively and randomly obtained. In this paper we examine the 'randomness' of the acquisition phase and suggest an alternative method that offers both objective and unbiased comet selection. In order to achieve this, we have adopted a survey sampling approach widely used in stereology, which offers a method of systematic random sampling (SRS). This is desirable as it offers an impartial and reproducible method of comet analysis that can be used both manually or automated. By making use of an unbiased sampling frame and using microscope verniers, we are able to increase the precision of estimates of DNA damage. Results obtained from a multiple-user pooled variation experiment showed that the SRS technique attained a lower variability than that of the traditional approach. The analysis of a single user with repetition experiment showed greater individual variances while not being detrimental to overall averages. This would suggest that the SRS method offers a better reflection of DNA damage for a given slide and also offers better user reproducibility.
Introduction
The single-cell gel electrophoresis assay or comet assay is a technique used in measuring DNA damage and repair at a cellular level (1, 2) . It was first developed over 20 years ago by Ostling and Johanson (1) . Versatility and speed coupled with simplicity and economy have seen the number of people who use the comet assay grow over the years (3) . It has been implemented successfully in many areas from DNA repair studies to biomonitoring studies (4, 5) . The technique operates by trapping individual cells in agarose on a slide and then subjecting the cells to lysis, which removes most cellular components except the DNA. This DNA in turn, without the cellular scaffolding, lies at the base of an agarose cavity, and then is subjected to brief electrophoresis which pulls the negatively charged DNA towards the anode. It allows for inspection of double-and single-strand breaks as only DNA containing strand breaks are able to enter the agarose, with undamaged DNA being retained within the cavity (6) . For this study we utilized the alkaline version of the assay, which is commonly used for measuring DNA strand breaks.
There are two principal sources of bias in scientific experiments: systematic bias and selection bias. An example of a systematic bias, which we do not directly discuss in this paper, is a calibration error. We address the problem of how to sample a representative number of comets from among the many hundreds available on a slide, while avoiding selection bias. Clearly, choosing which comets to measure is likely to incur selection bias. There are many possible, maybe subtle, confounders in the way an individual might choose particular comet features to include in the sample. For an objective quantitative method, such an approach is invalid. The choosing of events to measure must be avoided at every step.
For unbiased selection of comets, some form of uniform random sampling must be employed, i.e. every single comet on the slide should have the same probability of being selected before sampling commences. There are two basic approaches; random random sampling (RRS) could be employed, e.g. using a two-dimensional (2D) Poisson field approach. Alternatively, systematic random sampling (SRS) can be used. This approach requires a random start position followed by sampling at predetermined steps, usually in a quadratic meander. The final step for either uniform random sampling approach is the selection of comets from sampled fields which can be achieved with an unbiased sampling frame (SF) (7) . The variance of the estimate from SRS, for any given system, may be lower than that for RRS (8) , though both will deliver an unbiased estimate.
In the vast majority of comet assay studies reported to date, the experimenters have used a standard method of comet scoring by physically moving the microscope stage to a specific place on the slide and then selecting, without bias, the first 50 or 100 individual non-overlapping specimens. The physical moving of the verniers to a spot of choice and analysing a fixed number of comet samples do not fulfil the requirements for uniform random sampling. The number of comets sampled for a particular sampling regimen must be a random number, albeit within certain bounds dictated by the experimental design. In order to assess a truly random and unbiased selection of comets, we have investigated the application of a wellestablished strategy to adopt an SRS approach to help avoid sampling bias. We were also aware that we wanted a method that could be utilized either manually or with an automated stage.
An experiment was devised in order to compare the two methods of comet acquisition, the 'traditional' method, which is a non-formal random sampling method (in that it does not employ a random Poisson field), and the SRS method, which will usually give a Poisson distribution for the number of cells captured by unbiased SFs, in order to study the variance of the estimators under the two regimens. Cells were treated with varying amounts of c-radiation from control (0 Gy) to 7 Gy. Slides were prepared in duplicate and the experiment was repeated three times.
A further experiment investigated inter-user variation. For this experiment two slides in a blinded study were prepared, one at 3.5 Gy and one at 7 Gy, and analysed by different users using the traditional method and the SRS method.
Materials and methods

Cultivation and extraction
HeLa cells were obtained from the European Collection of Cell Culture (Wiltshire, UK) and were cultured in minimum essential medium supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin. Cells were removed from their monolayer using 1X trypsin-ethylenediaminetetraacetic acid (EDTA; Invitrogen, Paisley, UK) and processed for the comet assay.
Irradiation and alkaline comet assay Comet assay slides were prepared using the standard protocol (9) with any modifications described. Protocol times and procedures throughout experimental replicates were followed meticulously to maintain comparative analysis. Two hundred microlitres of normal-melting point agarose was pipetted onto frosted slides with coverslips (22 mm Â 50 mm) to ensure an even agarose spread and left briefly to solidify. Coverslips were then removed. Cells were resuspended in 100 ll of low-melting point agarose, which was in turn pipetted onto the normal-melting point agarose layer, spread with coverslips and left briefly to solidify. Slides were placed on ice and irradiated with 0-, 1.75-, 3.5-, 5.25-and 7-Gy c-radiation at a dose rate of 2 cGy/sec using a 137 Cs source. Experiments were performed in duplicate and the experiment itself was repeated three times. A maximum of 7-Gy irradiation was used to avoid having to make choices on slides where the software may have difficulty identifying the comet head and tail, thus removing a source of operator bias.
After irradiation, slides had their coverslips gently removed and were submerged into a Coplin jar containing freshly prepared cold neutral lysis solution (2.5 M lithium chloride, 0.03 M EDTA, 10 mM Tris, 0.1% lithium dodecyl sulphate, pH 8) and 600 ll of proteinase K. The Coplin jar was then placed into a 4°C room for 1 h to prevent repair while initial lysis was occurring, then into a 37°C water bath overnight. The proteinase K step was added to the protocol as we found that it gives a more complete digestion of the cell contents, particularly the nuclear matrix. Proteinase K digestion is most efficient at 37°C but incubation at this temperature caused sodium dodecyl sulphate to precipitate out of solution and therefore lithium dodecyl sulphate was used instead. After lysis with proteinase K, slides were then transferred into a Coplin jar containing lysis solution (2.5 M sodium chloride, 100 mM EDTA, 10 mM Tris, pH 10, with 1% Triton X-100) and placed back at 4°C for 1 h.
From this stage, all work was carried out in a 4°C room, to allow for standardization of the experiments. The slides were immersed in freshly prepared cold electrophoresis solution (300 mM sodium hydroxide, 1 mM EDTA, pH .13). The electrophoresis solution was filled to a level that exceeded the slides between 0.5 and 1 cm. Slides were then left in the buffer to unwind the DNA for 20 min. Electrophoresis was conducted at 25 V and 0.3 A for 20 min. Slides were taken out and washed three times gently with neutralization solution (0.4 M Tris, pH 7.5) for 5 min per wash, to stabilize the pH. Slides were drained and stained with 30 ll of 2 lg/ml ethidium bromide, spread with a coverslip, placed in a humidified chamber and stored in the dark in the 4°C room, prior to analysis. All chemicals, unless otherwise stated, are from Sigma (Gillingham, UK).
Image analysis
Comet analysis was performed using a Nikon Eclipse E400 epifluorescence microscope fitted with a Nikon Â20 fluorescence objective lens (Plan Apo 20 Â 0.75) and visualized with a Hamamatsu Orca digital CCD camera with a filter set for ethidium bromide staining (excitation 510 nm, emission 595 nm). Comet acquisition and analysis was carried out using Kometþþ with Orca1, version 1 (Kinetic Imaging Ltd, Belfast, UK). The measurement assessed in this study was that of %tail DNA.
Random sampling
In order to introduce randomness to comet analysis, each comet on the slide should have an equal probability of selection, i.e. there should be uniform randomness in each selection. Such uniform random sampling can be achieved by RRS or SRS (for a detailed description of these concepts, see Chapter 2 in Howard and Reed (10)). In the case of RRS, comet analysis could be achieved manually in 2D (X-and Y-axes) by numbers generated from a software-based random number generator or from a random number table, that could be mapped on to the microscope stage verniers, so that each time a selection is made it would represent a position for analysis on the slide and each position would have an equal chance of selection. As with any fully random process, the sampling positions will not be uniformly distributed but there will be clusters and gaps. This tends to increase the covariance of the estimate because the RRS method, though an unbiased spatial sampling method, has low efficiency. By chance a SF could land almost overlapping a previous frame so that the comets sampled were identical. This means that the spatial efficiency is low. It should be noted that the RRS method is a spatial form of 'sampling with replacement'. Each of the cells could be captured more than once as the spatial position of the SF for each throw is independent of previous throws. On the other hand, in the SRS approach the frame locations are not independent-once there is a random start position, all of the frame locations are set out in a regular pattern. Under this SRS approach, a cell cannot ever be measured twice. SRS therefore provides the most space-efficient sampling scheme for a particular number of frames. 
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SRS, used in this study, works on a two-component basis, a random component and a systematic component (10) . It is preferable to RRS as its application is more efficient and less labour intensive. In addition, it produces a more precise estimate (8) . Sampling commences at a random position with respect to the sample and then proceeds in a series of systematic steps in x and y. This latter aspect of the sampling makes it very easy to apply in practice. One potential shortcoming of SRS arises if there is a scale of spatial regularity of the structure of interest that coincides with the spatial stepping interval of the SRS protocol. Under these specific circumstances, SRS would give rise to a biased sample. In the case of our sampling of the comet assay slides, visual inspection indicated that the spatial distribution of the comets did not have any appreciable regularity. The protocol adopted for the SRS approach is described in detail in the work of Howard and Reed (10) and included using an unbiased SF (7,11) on a laminate that was fixed to the PC monitor, to govern comet selection. An unbiased SF is a special 2D frame that ensures that objects, in this case comet tails, are sampled with equal probability (Figure 1B) . The frame has a solid-drawn rejection line and a dashed acceptance line. Any object that lies either fully within the frame or partially in the frame overlapping the dashed line, but does not overlay the rejection line at any place, is considered part of the sample (11).
This unbiased SF was positioned in the middle of the Kometþþ software image window, which shows focused fluorescent comets from the microscope to be analysed. The counting frame was of such a size that there was a 'guard area' around the frame and the edges of the image window. Given a slide with a finite number of comets, the procedure worked by starting at a random point off slide and moving along a fixed path with the unbiased SF using either an automated stage or the verniers on a mechanical stage (Figures 1 and 2 ). This required a pilot run initially on a random slide so that the comet density was determined. Subsequently, the sampling density of the unbiased SF could be tailored so that the average number of comets sampled per slide would be a random number .50, 50 being a recommended count per slide from the comet community (3), with the actual number being a random variable. The sampling regimen was designed to perform a 'sparse sampling', i.e. with frequent points of analysis, each capturing few comets as opposed to stopping infrequently and trying to capture many comets in one window. As the stage was moved along the set distance raster of 30 Â 30 lm, each time the unbiased SF traversed the whole slide. When a comet was sampled using the unbiased SF rule ( Figure 1B) , it was analysed.
It should be noted that the SRS protocol gives rise to a variable number of cells in the sample-we aimed at generating $50 cells per slide. Although this may be a new feature of SRS for the Comet assay community, it is a wellknown and widely accepted aspect of SRS protocols used in quantitative microscopy and neuroscience and has successfully been exploited in numerous studies and test protocols.
In the following we report observed variability as standard deviation (SD). The SD is the square root of the variance. When decomposing observed variability, we have used variances as they can be directly added and are useful when trying to decompose observed variation into different component parts, e.g. inter-observer variance. For consistency, we have reported all variability as SDs. The coefficient of variation as a percentage is simply the observed SD divided by the mean.
Statistical analysis
Data were compiled and analysed using Excel, with SPSS being used for independent t-tests used in establishing significant differences between pooled data from traditional approach against SRS. Resulting significance values are two tailed and shown in Table II .
Results
Multiple-user investigation
In the multiple-user pooled variation experiment, the number of SFs required to achieve an appropriate comet sample size, determined in a pilot experiment, was 90 SFs with a set distance raster of 30 Â 30 lm. The four operators each made their own estimates on the same underlying population of cells. There were two dosages, 3.5 and 7 Gy, respectively, and for each there were two ways of estimating %tail DNA. The results showed that pooled inter-operator variance (SD 2 ) was greater with the traditional method than for the SRS method (Table I , upper half).
However the within-operator variances for comet estimates with each individual user were always higher for the SRS approach than for the traditional approach (Table I , lower half).
The variances refer to the variation in %tail between the $50 individual cells that were actually sampled in the experiment. That is, if %tail DNA had a Gaussian distribution, the mean and variance stipulate the shape and width of the distribution.
Reproducibility of single-user investigation
A reproducibility study was performed in which a single operator analysed three duplicate sets, produced in three separate experiments under similar conditions (Table II) . For the reproducibility study, a sampling raster of 30 Â 40 lm was adopted, which produced $80 SFs per experiment. This was based on a second pilot investigation and was dependent upon the cell density on the slides.
Analysis of the reproducibility study showed that for 1.75-, 5.25-and 7-Gy conditions, there was a statistical difference at 5% significance level between the %tail DNA estimated using the traditional method and that estimated using SRS. For the 0-and 3.5-Gy condition, the mean %tail DNA was not significantly different at 5% significance level (Table II) .
The results from the reproducibility study can be seen in Table II and Figure 3 and showed that the SD of the estimates of %tail DNA were lower under SRS in four out of the five radiation dose levels (Table II) . The average %tail DNA for the two methods vary to a greater degree for the 7-Gy and control slides as there was a greater range between the highest and Systematic random sampling of the comet assay lowest values (Table II) . These differences were substantial in the control as the higher values found in Experiment 3 using the traditional method were above an acceptable control level, at 13.84% tail DNA, whereas the SRS sampling of the same slide reported 7.83% tail DNA, which is within the background range (Table II) . The 7-Gy slide ranges were quite variable when using the traditional method, with values ranging to almost double that of the SRS method. The 49.43% tail DNA obtained in Experiment 2 with the traditional method was 12% higher when compared with the SRS result at 37.43% tail DNA and was high even when compared with our other traditional method slide results, which averaged at 35.13% tail DNA (Table II) . The 1.75-and 5.25-Gy results also gave lower ranges between the three experiments when using the SRS method. The 1.75-Gy lower range value in the traditional method at 9.37% tail DNA could place it within the Control bracket but using the SRS approach for the same slide resulted in a value of 12.89% tail DNA, which although low compared to the SRS average at 14.83% tail DNA would still be considered an acceptable value at this level of irradiation (Table II) . The 5.25-Gy values were quite consistent for both approaches, with the SRS approach showing a lower average at 24.84% opposed to the traditional 26.67% tail DNA.
The 3.5-Gy damaged slides differed, giving a wider range for the SRS method (7.18%) when compared to the traditional method (4.18%) (Table II) .
Discussion
In any one experiment, bias is invisible (10) . At the end of an experiment, the investigator has an estimate. If the experiment has been performed using a biased estimator, then there is no way in which the result can be corrected a posteriori (this is known as the central paradox of sampling (10)). The variability of an estimate can, however, be reduced by increased sampling. In essence, an unbiased technique is highly desirable in science.
We have compared an unbiased approach, SRS, with a potentially biased method. The sources of selection bias in the traditional method include choosing an 'interesting' area to start sampling, choosing or ignoring individual cells in the All estimates are made by the same operator so in principle the bias found in the traditional method will be 'similar', and in the SRS no bias by design. sampling window, sampling a fixed number of cells and size bias from the 'edge effect' (7). In using SRS with an unbiased SF, this element of choice is removed and with it the associated biases.
In the multiple-user pooled results Experiment 4, operators with different levels of comet experience, varying from complete beginner to highly skilled with peer-reviewed publications, analysed the same sets of slides. It is impossible to state for the underlying populations of cells what the true %tail DNA value was. However, by design, the SRS scheme delivered an unbiased estimate of this population value for each of the two dosage conditions. That is to say, there was no systematic bias between the estimated quantity and the true population quantity. There may or may not have been bias in the traditional method and for any particular case this bias (the integration of unknown operator biases) may or may not be positive or negative, i.e. it cannot be removed by a simple calibration calculation. In addition, because the SRS protocol was standardized and the element of operator choice removed, they were all estimating the same quantity. Thus, for four operators, of varying degrees of experience with comet analysis, when using the SRS approach, the variance between their averaged results was lower than that observed with the traditional approach.
While the variance of the pooled means was appreciably lower with the SRS approach than with the traditional approach, which is in accordance with previous research (8) , each individual operator, however, had a lower variance associated with estimates made using the traditional method than with the SRS approach. This suggests that some element of choice in comet selection was being applied by each operator when using the traditional method, in accordance with his/her experience and/or preferences.
In terms of efficiency, defined as variance per unit of work, at the 3.5-Gy level the SRS approach was over twice as efficient (a variance of 2.9 versus 6.1, SD
2 ) while at the 7-Gy level this gave an 8-fold increase in efficiency (a variance of 1.6 versus 15.1, SD 2 ; see Table I ). In the reproducibility experiment, a single experienced operator re-examined a set of slides in duplicate at each dose level. The range of mean %tail DNA results was lower in the SRS than the traditional approach, with one exception. In the 3.5-Gy SRS results the range was higher than that with the traditional approach. In this sampling the number of comets selected under SRS in Experiment 1, which is a random variate, was only 36 cells (Table II) . Although the SRS method aims to achieve .50 cells per slide, there will always be occasional cases where this is not achievable due to a lower than average comet density on a slide or as a simple random sampling event. This probably contributed to that specific result. The range of results under the traditional method for the 7-Gy dose had an extremely large range. This phenomenon may help to explain the 8-fold increase in efficiency under SRS observed in the multipleuser data set.
We would expect that the SRS scheme shows us the full variation in %tail DNA for the population (and hence higher variance) because the scheme does not exclude any cell and, in particular, does not reject very low %tail or high %tail DNA. In these experiments the fundamental sampling unit was the cell and therefore these variances actually refer to the biological variation of the %tail DNA parameter per cell in the populations found on the slides.
The traditional method, on the other hand, tends not to sample from the full distribution and hence leads to a lower variance between %tail DNA for cells. It is not obvious from the data here whether the operators preferentially reject big or small, just that they somehow reduce the observed variability. This effect may also have been due to the fact that in taking one field of view and sampling 50 cells, there may be a zero operator bias but that the cells in a particular locality may be similar due to some other unknown factor. Either way the traditional approach tends not to give an unbiased sample from the full population of cells. For each operator there was the same underlying population of cells and therefore the interoperator variability directly assessed the quality of the operating procedure, not the underlying cell population. The between-operator variation was bigger for the traditional scheme because that was most subject to the individual choices of the operators. The SRS protocol had a lower variation because it had no systematic biases across four operators.
The review by Collins in 2004 stressed that comets should be selected without bias and represent the whole of the gel with emphasis placed on a systematic approach. We believe that the SRS approach outlined in this paper meets these requirements. He also highlighted that edges and bubbles were to be avoided as they often encapsulated comets with 'anomalously high levels of damage' while at the same time being impossible to examine comets that are overlapping by computer analysis (3) .
Manually, the SRS approach is a little more time consuming, typically taking three times as long as the traditional method. However, this time difference could easily be negated with an automated stage, if available. The fact that this approach offers a selection method that is truly unbiased, in our opinion, more than outweighs this limitation. The use of a motorized stage in using stereological survey sampling-type designs has been discussed recently by Melvin et al. (12) , where they wrote their own software to create an SRS approach which was both practical and avoided expensive hardware necessary to implement a motorized stage. Kaplan et al. (13) have discussed a method of using robust dial indicators in order to recreate precise relocations of specimens on samples without the necessity to purchase a motorized controlled microscope stage.
The survey sampling approach used in stereology has been increasingly recognized as a resilient method of obtaining unbiased results through the use of geometric probes that can accommodate varying sizes and shapes, while being true to a sound mathematical and statistical foundation (10) . The techniques are commonplace in biological investigations, where 3D structural quantities need to be examined from 2D slice images (14) . It is rare to get two benefits from a change of technique, namely unbiasedness and reduced variance, but that is what SRS offers. Making use of the SRS method adopted by stereologists, it has been possible to acquire an objective and efficient unbiased representation of DNA damage on a given comet slide and offer a method of standardization between experimenters and laboratories. Therefore, we would recommend that this approach be adopted as standard by the comet community.
